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Abstract—The precipitation of Ω-phase {111}α plates in the Al–Cu–Mg alloy has been investigated at a
Cu/Mg ratio > 10 and low Si content. Unlike Al–Cu–Mg alloys containing Ag, nanoscale plates with an
{111}α habit plane has been found for the first time to precipitate in the alloy according to a heterogeneous
mechanism, namely, along low-angle boundaries, dislocation lines, and at the θ′-phase/Al-matrix interphase
boundary.
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INTRODUCTION

One of the basic concepts of modern materials sci-
ence is the formation of a desired microstructure in a
material, which depends on its chemical composition
and processing conditions. Therefore, heat-harden-
able aluminum alloys are a commercially important
group of materials, since their properties can be improved
by selecting optimal processing conditions [1].

Microalloying is well known to improve the opera-
tional characteristics of alloys. For example, Mg addi-
tives increase the strength, plasticity, and heat resis-
tance of an Al–Cu alloy [1]. However, despite the fact
that the first duralumin (Al–Cu–Mg alloy) was dis-
covered more than a century ago, scientists are still
discussing the mechanisms of precipitation of
strengthening elements, such as clusters, zones, and
phases, and their interaction with dislocations.

The phase compositions and properties of binary
Al–Cu alloys are well described in the literature, since
they are the basis for a wide class of heat-hardenable
alloys (the 2xxx series according to the Aluminum
Association). Therefore, here, we consider composi-
tions with small additions of Mg and other elements
that affect the type and structure of hardening phases.
Quenching of these alloys results in a supersaturated
solid solution (SSS) of alloying elements, which
decomposes to form clusters, zones, or phases upon
subsequent heating or aging. The traditional treatment
of these alloys is heat treatment (HT), which includes
hardening and aging. Low-temperature thermome-
chanical treatment (LTTT), which includes cold plas-
tic deformation performed prior to aging, is also used
to significantly improve strength as compared to HT.

The sequence of phase transformations in Al–Cu–
Mg alloys with Cu/Mg ≥ 5.6 as a result of SSS decom-
position has the following form:

(1)

(2)

Reactions (1) and (2) proceed on the matrix planes
{001}α and {111}α, respectively. The Guinier–Preston
(GP) zones, θ" and θ' phases have been considered in
previous works [2, 3]. In this paper, we consider
Ω-phase particles in detail.

Another example of microalloying is the addition
of Ag to Al–Cu–Mg alloys. These compositions are
characterized by strength and creep resistance because
silver provides a homogeneous precipitation of
Ω-phase plates [1, 4–10]. Its particles have a high
resistance to coarsening at elevated temperatures (up
to 200°C), which can be explained by the segregation
of magnesium and silver at its wide boundaries [1].

Despite intensive research, the exact crystal lattice
of the Ω phase is still a matter of debate. This phase is
represented in the literature as a form of stable θ phase
with nominal Al2Cu stoichiometry [7, 10, 11]. It
belongs to the Fmmm space group (a = 0.496 nm, b =
0.859 nm, c = 0.848 nm) [12]. The orientation ratio is
one of 22 possible ratios for equilibrium θ-Al2Cu:

(111)α || (001)Ω and [10 ]α || [010]Ω, and [1 1]α || [100]Ω

[4, 8, 12]. Given that the mismatch between the lat-
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tices of the Ω phase and matrix in the habit plane is less
than 0.0015%, their particles are coherent along {111}α

planes. The mismatch parameter around the plate butts
in the 111 direction along the c axis is ~9.3% [1].
Complete matching along {111}α planes occurs due to
the segregation of Ag and Mg atoms and, possibly,
vacancies [7, 13]. A driving force for the segregation of
Mg and Ag is a decrease in the mismatch between the
matrix and particles [7]. The kinetics of the growth of
Ω particles in alloys with and without silver is noted to
differ significantly [14].

In addition, the excellent resistance of the Ω phase
to coarsening is associated with the high energy barrier
of step nucleation in the strong vacancy field that is
normal to the f lat interphase boundary of the plate
[15]. The precipitation of Ω particles in Al–2.5Cu–
1.5Mg–0.5Ag was first reported in the 1970s [12], but
this fact has not gained sufficient attention. Many
works [10] later focused on these plates, but it was
demonstrated only in 1990 that they could also precip-
itate in alloys containing no silver. The interval of
more than a quarter of a century between these events
can be explained by the high silicon content in early
Al–Cu–Mg alloys [6]. The binding energy between Si
and Mg atoms is known to be higher than that between
Ag and Mg. This causes predominant formation of
Mg–Si clusters at the early stages of aging and sup-
presses the precipitation of Ag–Mg clusters, which are
possible precursors of the Ω phase. An Al–Cu alloy
must contain at least 0.1–0.3 wt % Mg (Si/Mg > 2) for
Ω particles to be present in the structure [6, 13] and for
the mechanical properties to be significantly improved.

Ag/Mg additives decrease the intensity of diffuse
{002}α strands (rods) in electron diffraction patterns,
indicating a decrease in the number of Guinier–Pres-
ton zones [16]. Zn atoms are also known to be present
in Al–Cu–Mg–Ag alloys along the f lat interphase
boundaries of Ω-phase plates (at the sites initially
occupied by Ag) [17].

As previously mentioned, Ag is not a necessary ele-
ment for alloying the Ω-phase [4] and has almost no
effect on the aging of binary Al–Cu and Al–Mg
alloys, but it intensifies the aging effect in ternary Al–
Cu–Mg alloys [1] and reduces the time for reaching
maximum strength/hardness. In analyzing the scien-
tific literature we revealed the following possible
mechanisms of Ω-phase evolution in Ag-free Al–Cu–
Mg alloys:

(1) The authors of [18] showed that during sliding,
dislocations capture dissolved atoms of alloying ele-
ments from solid solution using fast diffusion along
the core, therefore particles can nucleate at disloca-
tions. For example, Mg–Cu precursors were detected
along a dislocation by STEM-HAADF [19] and 3D
atomic tomography [14]. The formation of these pre-
cursors can be attributed to the strong Mg–Cu inter-
action at dislocations; however, some dissolved Mg
and Cu atoms are also found at dislocations [14].

Hypothetically, these structures could be precursors
for {111}α particles. In addition, positron annihilation
showed complexes containing Mg–Cu vacancies in
the vicinity of vacancy sinks, i.e., dislocations [20].

(2) Direct lattice resolution showed that tiny (less
than 12 atoms) lamellar copper clusters can be
detected on close-packed {111}α planes in the standard
Al–4% Cu alloy during the initial stages of aging [21].
These precipitates are unstable after 10 hours of aging
at 100°C, namely, they grow and dissolve even when
exposed to an electron microscope beam. Similar pre-
cipitations were detected in Al–1.0Si–0.5Cu [22] and
Al–Cu–Mg [11] thin films. The authors of these
works detected nano-scale lamellar GP zones with a
unconventional {111}α habit plane.

(3) Only magnesium clusters are probably the sites
of heterogeneous nucleation of the Ω phase [6].

The addition of Cu to Al either weakly or does not
change the stacking fault energy (which determines
the tendency of a material to cross-slip dislocations)
[23], but Ag and Mg reduce it enough to promote dis-
location splitting and accommodation of dissolved ele-
ment atoms on close-packed {111}α planes [7, 19, 23], on
which the Ω phase can nucleate. This explains the
accelerated formation of GP zones on {111}α planes
along with the traditional {001}α [11]. In this regard,
N. Sano et al. assumed [13] that Ag additives increase
the density of {111} stacking faults, which act as sites of
heterogeneous particle nucleation.

Finally, we can conclude that the nature of
Ω-phase precipitation is not reliably known, despite
the extensive number of studies on the phase compo-
sition evolution of Al–Cu–Mg alloys during aging.
This work aims to investigate the preferred sites of the
nucleation and growth of {111}α Ω-phase plates in a
silver-free Al–Cu–Mg alloy (modern high-strength
alloy AA2519) using transmission electron micros-
copy. The results of the study can be useful for the
development of new alloys and the optimization of
HT/TMT treatments of Al–Cu–Mg alloys to precipi-
tate desired phases.

EXPERIMENTAL

The material for the study was the AA2519 alloy
with a chemical composition of Al–5.64 Cu–
0.33 Mn–0.23 Mg–0.15 Zr–0.11 Ti–0.09 V–
0.08 Fe–0.08 Zn–0.04 Sn–0.01 Si(wt %), which was
prepared by semicontinuous casting at Belgorod State
University. After homogenizing annealing (510°C,
24 h) ingots were forged (εtrue ≈ 2.0) and rolled (εtrue ≈
1.4) at T = 425°C. Samples were cut from hot-rolled
plates, hardened at T = 525°C for 1 hours, quenched
in cold water (20°C), and aged for 5 hours at 180°C
(maximum strength state [24]).

To study the morphology of dispersed particles of
the secondary phases, we prepared thin foils from the
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treated alloy using standard electropolishing in a 25%
HNO3 + 75% CH3OH solution cooled to –30°С on
the Struers TenuPol-5 device at 20 V.

Transmission electron microscopy was performed
using a JEOL JEM-2100 microscope at an accelerat-
ing voltage of 200 kV. All other details of the experiment,
including the electron diffraction patterns of the studied
alloy, were described in previous papers [2, 3, 24].

RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the alloy after
aging for maximum strength. Given the habit plane of
Ω particles, the image was taken when the electron
beam was oriented strictly parallel to the 011α direc-
tion. As expected, analysis of the electron diffraction
patterns of the central region (inset in Fig. 1) indicates
that uniformly distributed θ"-phase particles (indi-
cated by the blue arrow) dominate in the structure.
This is evidenced by distinct discontinuous diffuse
strands along 002α (inset in Fig. 1). EDXS analysis
[24] also detected a dispersoid of the Т-Al20Cu2Mn3

phase (indicated by a blue arrow). However, no Ω
plates were detected at the T-phase/matrix interphase
boundary in contrast to those found in Al–Cu–Mg–
Ag alloys [10].

In the first approximation, the intensity of diffrac-
tion effects (reflections, strands) is proportional to the
volume fraction of the particles. No reflections typical
of Ω particles at positions 1/3 and 2/3 [220]α and dif-
fuse strands along 111α were detected. Therefore, we
can assume that its volume fraction in this state is
small, but it increases during low-temperature ther-
momechanical treatment [3]. These observations are
in complete agreement with previous results [3, 25].

The mechanical properties of alloys are known [1]
to depend not only on the volume fraction of the sec-
ondary phases, but also on the complex of their mor-
phological features, such as size, shape, density of pre-
cipitation, spatial distribution, and coherence. There
is no consensus according to which particles (with a
{111}α or {001}α habit plane) are the most effective in
preventing dislocations from sliding during plastic
deformation [26]. The precipitation of particles on
only one type of matrix plane has been found to result
in low fracture toughness [1]. Given that the dominant
slip in FCC crystals (Al) occurs in the primary slip
110Al {111}Al system along close-packed {111} atomic
planes (main slip planes), Al–Cu–Mg–Ag alloys
hardened with {111}Al Ω-phase plates exhibit a higher
strength even though the shear stresses of both plate
types (θ' and Ω) are approximately the same [26].

Figure 2 shows the regions indicated by the letters
in Fig. 1. Taking the planes of location into account, it
is quite easy to identify θ"/θ' and Ω plates. Figures 2a
and 2b show that {111}α Ω-phase plates precipitate at
low-angle boundaries. The misorientation of the
boundary can be indirectly estimated from the con-
trast of the images (see Fig. 1). The exact angle of
boundary misorientation in this section was not found
by the Kikuchi-line identification method, but analy-
sis of electron diffraction patterns (not presented)
taken from the boundary and regions from both sides
of the boundary revealed that the angle of rotation was
less than 10°. Therefore, we can assume that the
boundary is low-angle.

The precipitation of Ω plates at θ' particles was also
detected (Fig. 2c). The typical point-like electron dif-
fraction, specific contrast, and plate widths indicate
that this is a semicoherent phase rather than a coher-
ent θ" phase [2, 3, 25]. Figure 2a also shows a θ' parti-
cle with increased thickness at the high-angle bound-
ary ( indicated by the green arrow). Previously, hetero-
geneous precipitation of θ' at lattice imperfections,
such as dislocations, boundaries with a misorientation
of at least 8°–12°, and at interphase boundaries have
been reported [17, 26].

To demonstrate that this is not a single case of par-
ticle precipitation at boundaries, Fig. 3 shows another
section. As in the previous case, coherent θ' plates pre-
cipitate homogeneously in the matrix and θ' and Ω
particles precipitate at low-angle boundaries. There
are a number of precipitation-free zones along bound-
aries. This phenomenon is typical of grain boundaries
in thermally hardenable alloys after quenching and
aging treatments [1].

The phase composition study revealed that θ' and
Ω plates can precipitate not only in the grain body and
at low-angle boundaries, but also along dislocation
lines. Figure 4 illustrates this. There are strands (indi-
cated by red arrows) along 111α in the diffraction pat-
tern (inset in Fig. 4b), which is a distinctive feature of
thin Ω-phase plates [3, 5]. However, it is difficult to

Fig. 1. The microstructure of the AA2519 alloy after ageing
for maximum strength. The regions shown in Fig. 2 are
indicated by the letters a, b, and c.
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detect typical point ref lections, which is due to the

small amount of the phase in this state. The assump-

tion that Ω particles precipitate at dislocations could

not be confirmed after careful examination of the

TEM images. However, this mechanism has been

detected for {111}α particles of the T1 phase (Al2CuLi)

in Al–Cu–Li alloys [27]. It is interesting to note that

the T1 and Ω phases are isostructural, namely, the

electron diffraction patterns are absolutely the same

and Ag atoms also segregate at the particle/matrix

interphase boundary.

The authors tend to believe that small Ω particles

form around θ′ particles, which were initially precipi-

tated at a dislocation, or within elastic stress fields sur-

rounding a dislocation line. We believe that the more

probable scenario is heterogeneous nucleation of the

Ω phase at the Cottrell atmospheres, which are formed

by sliding dislocations. Oscillations (Portevin–

Le Chatelier effect) on the tensile curves of the

quenched alloy indicate the presence of these regions

with an increased concentration of interstitial atoms

[3]. However, further research in this direction is

needed.

Fig. 2. TEM images showing heterogeneous precipitation
of Ω particles. Images (a), (b), and (c) were taken from the
places indicated by the corresponding letters in Fig. 1.
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Fig. 3. The alloy microstructure with heterogeneous pre-
cipitation of θ' and Ω particles. Zone axis 011α. (b) is an
enlarged image of the structure shown in Fig. 3а.
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CONCLUSIONS

In this work, we determined the sites for heteroge-
neous precipitation of Ω-phase particles in the mod-
ern high-strength Al–Cu–Mg alloy (AA2519). We
demonstrated that particles with a {111}α habit plane

can precipitate not only near the dislocation line, but
also at low-angle and θ'-phase/Al-matrix interphase
boundaries. We believe that it is necessary to continue
the investigation of Ω-phase nucleation sites at the
atomic level using 3D atomic tomography and/or
direct resolution scanning microscopy to determine
the exact location of some atoms and their clusters
(possibly Cu–Mg clusters near the dislocation line
along the 111α directions).
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